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Abstract
The family of MAX phases and their derivative MXenes are continuously growing in terms of both crystalline and
composition varieties. In the last couple of years, several breakthroughs have been achieved that boosted the synthesis
of novel MAX phases with ordered double transition metals and, consequently, the synthesis of novel MXenes with a
higher chemical diversity and structural complexity, rarely seen in other families of two-dimensional (2D) materials.
Considering the various elemental composition possibilities, surface functional tunability, various magnetic orders,
and large spin−orbit coupling, MXenes can truly be considered as multifunctional materials that can be used to
realize highly correlated phenomena. In addition, owing to their large surface area, hydrophilicity, adsorption ability,
and high surface reactivity, MXenes have attracted attention for many applications, e.g., catalysts, ion batteries, gas
storage media, and sensors. Given the fast progress of MXene-based science and technology, it is timely to update
our current knowledge on various properties and possible applications. Since many theoretical predictions remain to
be experimentally proven, here we mainly emphasize the physics and chemistry that can be observed in MXenes and
discuss how these properties can be tuned or used for different applications.
Keywords: MAX phase, MXene, Exfoliation
1. INTRODUCTION
Owing to their unique electronic structures and
large surface areas, two-dimensional (2D) materials are
promising candidates for many electronic and energy
applications. Hence, the synthesis, properties, and ap-
plications of novel 2D materials have currently be-
come one of the most exciting areas of interest in sci-
ence and technology. Single layers of graphene, boron
nitride (BN), transition-metal dichalcogenides (MoS2,
WS2, , etc.), and phosphorene have been successfully
obtained from their bulk van der Waals layered struc-
tures [1]. Recently, it has been shown that by us-
ing a combination of chemical exfoliation and sonica-
tion, the synthesis and mass production of 2D mate-
rials from three-dimensional (3D) layered compounds
with chemical bonding between the layers are also fea-
sible [2, 3]. In this regard, it has been demonstrated
that using hydrofluoric acid (HF) solutions and sonica-
tion, some members of the MAX phase family [4] can
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be exfoliated into 2D transition-metal carbide and ni-
tride layers, so-called MXenes [2, 3]. During exfolia-
tion, depending on the type of chemical environment,
a mixture of F, O, or OH groups terminates the surface
of MXenes [5, 6]. It should be noted that HF is not the
only etchant but LiF+HCl [7] and NH4HF2 [8] have also
been used for exfoliation.
The applications of solid MAX phases are somehow
limited to their metallic, high-temperature stabilities,
and superior mechanical properties [9, 10]. However,
owing to their vast compositional possibilities, MAX
phases include many crystalline and numerous alloy
members. When these MAX phases are exfoliated into
2D MXenes, depending on the transition metals at the
surface, thickness, and surface functionality, they ex-
hibit quite different electronic, magnetic, optical, and
electrochemical properties that are rarely seen in their
original MAX phases. There are many theoretical stud-
ies in the literature that predict MXenes possess ex-
cellent electronic properties and many device applica-
tions [11]. However, most of these predictions have not
been realized yet. This is because many of these pre-
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Figure 1: Crystal structure of (a) M3AX2, (b) out-of-plane or-
dered double transition-metal M′2M
′′AX2, and (c) in-plane double
transition-metal (M′2/3M
′′
1/3)2AX. Solid lines indicate the border of
the unit cells.
dictions are based on the ideal crystal structure of MX-
enes without any M and X atomic vacancies and with
a homogeneous surface termination having one type of
the F, O, or OH group. Unfortunately, the formation of
such ideal MXenes is still an experimental challenge.
Recently, there are some theoretical attempts to investi-
gate the properties of MXenes with a mixture of surface
functional groups [12, 13], and conversely there have
been some experimental attempts to synthesize MX-
enes with a uniform type of attached chemical group by
using temperature control [14]. Most experimental in-
vestigations have mainly focused on the excellent elec-
trochemical behavior of MXenes for energy storage as
ion batteries, gas storage, and various catalysis appli-
cations because of their large exposed surface area, hy-
drophilic nature, adsorption ability, and surface activi-
ties. The latest applications and developments of MX-
enes have been summarized in the recent review arti-
cle [11, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26].
Although most theoretical studies are conducted us-
ing ideal MXenes and are mostly performed on the ba-
sis of density functional theory (DFT), which is known
to have some drawbacks related to the accurate predic-
tion of the band gaps and van der Waals or strongly cor-
related interactions, the information provided by those
studies is still valuable for understanding the physics
and chemistry of MXenes. In this review, we first pro-
vide a solid background of the structural properties of
MAX phases and MXenes, and give insights into the
possibility of the exfoliation of MAX phases into 2D
MXenes. We then summarize the electronic, magnetic,
and optical properties of MXenes predicted from the
theoretical studies. Finally, we discuss the manifesta-
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Figure 2: Crystal structure of (a) M3X2, (b) out-of-plane ordered
double transition-metal M′2M
′′X2, and (c) in-plane double transition-
metal (M′2/3M
′′
1/3)2X MXenes. Solid lines indicate the border of the
unit cells.
tion of these properties in various applications such as
the photocatalysis, electrocatalysis, chemical catalysis,
ion batteries, gas storage, Schottky barriers, thermo-,
ferro-, and piezoelectric applications. This review can
be considered as complementary to and an update of our
previous review on the electronic properties and appli-
cations of MXenes [11].
2. Crystalline MAX Phases and their 2D derivative
MXenes
MAX phases are a family of solids with layered
hexagonal structures and a space group symmetry of
P63/mmc (No. 194), whose chemical compositions are
traditionally known by the chemical formula Mn+1AXn,
where n = 1, 2, or 3, “M” is an early transition metal
(Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, or Mo), “A” is an ele-
ment from groups III−VI in the periodic table (Al, Ga,
In, Tl, Si, Ge, Sn, Pb, P, As, Bi, S, or Te), and “X”
is carbon and/or nitrogen [4]. As seen in Fig. 1(a),
each layer of X atoms is sandwiched between two lay-
ers of transition metals and every two Mn+1Xn lay-
ers are interleaved with a layer of A atoms. Dur-
ing an acid treatment, the “A” atoms are washed from
the MAX phase structure, resulting in multiple lay-
ers of Mn+1Xn, which can be dispersed into monolay-
ers or a few layers by using sonication. As exam-
ples, the crystal structures of M3AX2 and M3X2 are
shown in Figs. 1(a) and 2(b), respectively. Inherited
from the MAX phases, the 2D Mn+1Xn layers also
have hexagonal symmetry and in analogy to graphene,
which has hexagonal symmetry, they have been named
MXenes. Over 70 different Mn+1AXn MAX phases
exist experimentally. Among them, Ti2AlC, Ti2AlN,
V2AlC, Nb2AlC, Ti3AlC2, Ti3SiC2, Zr3AlC2, Ti4AlN3,
V4AlC3, Nb4AlC3, and Ta4AlC3 have already been ex-
foliated into Ti2C, Ti2N, V2C, Nb2C, Ti3C2, Zr3C2,
Ti4N3, V4C3, Nb4C3, and Ta4C3 MXenes [3, 27, 28, 29,
30, 31, 32, 33].
There are many experimental observations that a
solid solution of different transition metals (M′ and M′′)
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Figure 3: Schematic atomic configurations for chemical exfoliation of Ti3AlC2 using HF acid, where AlF3 is extracted from the crystal: (a) pristine
Ti3AlC2 and (b) one, (c) two, (d) three, (e) four, (f) five, (g) six, and (h) seven HF molecules intercalated into Ti3AlC2 [45]. White, blue, orange,
cyan, and pink spheres represent Ti, C, Al, F, and H atoms, respectively.
and “A” elements (A′ and A′′) or an“X” element (C and
N) results in the formation of alloy MAX phases and
consequently the synthesis of various alloy MXenes. In
this regard, alloy TiNbC, (Ti0.5Nb0.5)2C, (V0.5Cr0.5)3C2,
Ti3CN, (Nb0.8Ti0.2)4C3, and (Nb0.8Zr0.2)4C3 MXenes
have already been experimentally fabricated [3, 34].
However, it has recently been shown that by the ap-
propriate selection and stoichiometry of M′ and M′′,
A, and X, it is possible to synthesize two types of
novel MAX phases with ordered double transition met-
als, named oMAX and iMAX phases. oMAX phases
are MAX phases with out-of-plane ordered double tran-
sition metals, M′2M
′′AX2 and M′2M
′′
2 AX3. Figures 1(b)
and 2(b) show the crystal structure of M′2M
′′X2 and
its corresponding 2D M′2M
′′X2 MXene, respectively
[35, 36, 37]. Similar to the structures of traditional
Mn+1AXn MAX phases, the layers of transition metals
in oMAX phases are occupied with only one type of M
or M′ and retain the same crystallographic space group
symmetry of P63/mmc. Interestingly, their correspond-
ing M′2M
′′X2 and M′2M
′′
2 X3 MXenes have unique con-
figurations, as seen in Fig. 2(b), such that the outer layer
of the MXene consists of a transition metal M′ only and
the inside layers consists of a transition metal M′′ only.
Mo2TiAlC2, Mo2Ti2AlC3, Cr2TiAlC2, and Mo2ScAlC2
have already been synthesized and exfoliated into their
corresponding 2D Mo2TiC2, Mo2Ti2C3, Cr2TiC2, and
Mo2ScC2 MXenes, respectively [35, 36, 37].
iMAX phases are MAX phases with in-plane or-
dered double transition metals, (M′2/3M
′′
1/3)2AX. Dif-
ferent from traditional MAX and oMAX phases, each
layer of transition metals in iMAX phases contains both
M′ and M′′ [see Fig. 1(c)] [38, 39, 40, 41, 42, 43, 44].
In contrast to previous MAX phases that consist of A
atoms forming a hexagonal lattice, A atoms are located
on a Kagome-like lattice in iMAX phases. This oc-
curs because of the different atomic sizes in which M′
< M′′ such that the M′′ atoms cause the A atoms to de-
viate from the hexagonal lattice to the Kagome-like lat-
tice [43]. The space group symmetry of iMAX phases
is C2/c. Accordingly, after exfoliation, the 2D MX-
enes obtained from iMAX phases include two differ-
ent types of transition metals in each layer of transi-
tion metals [see Fig. 2(c)]. In analogy to 2D MXenes,
the 2D structures derived from iMAX phases can ac-
cordingly be called as iMXenes. The iMAX phases
of (M′2/3M
′′
1/3)2AlC (M
′ = Cr, Mo, W; M′′ = Sc, Y),
and (M′2/3Zr1/3)2AlC (M
′ = V, Cr) have already been
experimentally fabricated and most of them have al-
ready been exfoliated. However, during exfoliation
process, Sc/Y and Al are dissolved, resulting in the
formation of 2D M′1.33C MXenes with ordered vacan-
cies [38, 39, 40, 41, 42, 43]. It is noteworthy that
(Nb2/3Sc1/3)2AlC has also been fabricated in the solid
solution form and its exfoliation results in 2D Nb1.33C
MXene with randomly distributed vacancies [44].
3. Exfoliation of MAX phases to MXenes
The chemical exfoliation of MAX phases is a com-
plex process with many reaction kinetics and dynamics,
which makes it difficult to model or simulate them in
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Figure 4: Force constant vs. bond length of different bonds for 82
different MAX and oMAX phases [46]. The line indicates the general
trend.
detail. Nevertheless, we can still obtain some valuable
information about the reaction processes using molecu-
lar dynamic simulations [45] or find some good candi-
dates that can likely be exfoliated into 2D MXenes by
examining the bond strengths and exfoliation energies
through static calculations [46].
3.1. Dynamics perception
The exfoliation process of MAX phases into 2D MX-
enes necessarily involves the elimination of the A ele-
ment using an acid treatment, e.g., a HF solution. The
exfoliation of Ti3AlC2 into 2D Ti3C2 has been theoret-
ically studied in the presence of water and HF using
ab initio molecular dynamics simulations [45]. It was
shown that after the dissociation of HF molecules into
H and F radicals, they are adsorbed at the edge Ti atoms,
which weakens the Al−Ti bonds, subsequently opening
an interlayer gap. The interlayer gap, in turn, facilitates
the further penetration of HF molecules. This leads to
the formation of AlF3 and H2, which are eventually ex-
tracted from the MAX phase. After these processes, the
fluorinated MXene is left behind [45]. This process is
illustrated in Fig 3.
3.2. Static perception
It is time-consuming and complicated to address the
question of which MAX phases can likely be exfoliated
into 2D MXenes by using molecular dynamics simula-
tions. However, static calculations are also helpful to
screen the bond properties of many MAX phase struc-
tures in a short time.
Theoretically, on the basis of tensile and shear mod-
ule analyses, the mechanical exfoliation of M2AlC (M
= Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) MAX phases
into 2D M2C MXenes has been investigated [47]. It
was shown that by applying large tensile stress, the
M−Al bonds are broken, leading to the separation of
M2C and Al layers [47]. Although MXenes are made by
the chemical exfoliation of MAX phases, their synthe-
sis through the mechanical exfoliation of MAX phases
may also be possible. This is because in some of the
MAX phases, their elastic constants C11 in the ab plane
are larger than C33 perpendicular to the plane, which
indicates that the overall bonding in the ab plane is
stronger than that along the c direction [10, 48]. There-
fore, if C33 is smaller than C11, it might be feasible to
break the M−A−M bonds under appropriate mechani-
cal tension without significantly damaging the M−X−M
bonds [10, 46, 48]. This is an important theoretical ob-
servation because it reveals the possibility of the fabri-
cation of MXenes by mechanical exfoliation of MAX
phases [49]. To the best of our knowledge, there are
no experiments on the mechanical exfoliation of MAX
phases. However, it would be a promising method to
achieve the large-scale production of MXenes at an ex-
tremely low cost.
The evaluation of the bond strengths of the M−A and
M−X bonds is a straightforward method to determine
the favorable candidates for the exfoliation to 2D MX-
enes. MAX phases with strong M−X bonds and weak
M−A bonds are the best candidates. For this purpose,
the force constants of the M−A and M−X bonds and
the exfoliation energies are useful quantities for reveal-
ing information about the bond strength and the ease
of bond breaking during the exfoliation process [46].
As an example of such analyses, the force constants
of M−A, M1−X, M1−M1, M1−M2, and X−X bonds
are investigated in Fig. 4. Here, M1 and M2 represent
transition metals placed on the first and second layers
of transition metals adjacent to the A element. The X
layer is located between the M1 and M2 layers. Re-
sults have been accumulated for 82 different MAX and
oMAX phases [46]. The overall trend is that shorter
bonds are stronger. Interestingly, the force constants
of the M1−X bonds are significantly higher than those
of the other bonds. In other words, the M1−X bonds
are the strongest in MAX phases. The X−X and A−A
bonds are the weakest among all bonds, as shown in
Fig. 4 [46].
Considering the static exfoliation energies of MAX
phases into 2D MXenes for all MAX phases that have
been already exfoliated experimentally, it is found that
V2AlC2 has the largest exfoliation energy of 0.205 eV
Å−2 [46]. Therefore, it is expected that MAX phases
with an exfoliation energy smaller than 0.205 eV Å−2
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have a good chance to be exfoliated into MXenes.
Based on the static exfoliation energy calculations and
the force constant analyses, it was shown that over 37
crystalline MAX phases, as listed in Ref. [46], can po-
tentially be exfoliated into 2D MXenes. These results
indicate that in the family of MAX phases, there ex-
ist some members whose M−A (M−X) bonds are suf-
ficiently weak (strong) such that they can (cannot) be
broken during acid treatments. This explains why the
exfoliation of some of the MAX phases into 2D MX-
enes is feasible experimentally.
4. Characteristics and emergent attributes of MX-
enes
4.1. Geometry and energetics
The crystalline structures of pristine 2D MXene sys-
tems can be simply obtained by eliminating the “A” el-
ement from the MAX phases. However, owing to the
reactivities of transition metals, the surfaces of MXenes
are usually terminated with a mixture of F, OH, and O.
It is difficult to predict the electronic properties of MX-
enes using a model structure with the mixed adsorption
of F, OH, and O on their surfaces. Hence, the majority
of theoretical studies have been carried out using mod-
els with the uniform adsorption of one of the chemical
groups on the surfaces [11] and very few using mixture
of these groups [12, 13]. Although such ideal struc-
tures might be unrealistic at present, they help with the
in-depth understanding of the physics and chemistry of
MXenes and may guide and motivate ones to perform
new experiments.
On the surfaces of MXenes, there are two types of
hollow sites; the sites at which there exists no X atom
available under them and the sites at which there ex-
ists an X atom available under them. Therefore, accord-
ing to the relative positions of the adsorbed termination
groups at the hollow sites, there are several choices for
the uniform surface terminations of MXenes that should
be taken into account for finding the lowest energy con-
figurations before analyzing the electronic properties.
It is noted that when F, OH, or O is adsorbed on top
of transition metals on the surface, they usually move
to hollow sites during the structural relaxation calcula-
tions. . Therefore, it is anticipated that the termination
groups are favorably adsorbed at the hollow sites. As
explained in the previous section, the M−X bonds are
the stiffest bonds in MAX phases. Hence, the chem-
ical groups (F, OH, or O) are adsorbed at hollow sites,
where the bonding states of the M−X bond achieve their
highest occupancy [50]. Further thermodynamic simu-
lations find that when the surfaces of MXenes are fully
Figure 5: Stability of Ti3C2 (a), Ti2C (b), and Nb4C3 (c) after func-
tionalization with mixture of OxFy(OH)z. The sizes of spheres indi-
cate the relative stabilities of the MXenes with various OxFy(OH)z
functionalization [13].
functionalized, they become thermodynamically more
stable. This is understandable because, in various com-
plexes and crystals, the number of ions surrounding a
transition metal is often six, which results in the for-
mation of a functionalized M2XT2 (T = F, OH, or O)
MXene [51]. The dynamic stabilities of such fully func-
tionalized MXenes have already been proved by phonon
calculations [52].
Regarding the multilayer crystal structures of MX-
enes, similar to graphite, they may form in different
stacking orders. Therefore, it is important to obtain the
correct stacking order before examining the electronic
structures of multilayer MXenes. The lowest energy co-
ordinate structures of many of monolayer or multilayer
MXenes functionalized with F, OH, or O can be found
in the supporting information files of Refs. [51, 53].
These structures were determined based on the first-
principles calculations using GGA/PBE method. How-
ever, it might be necessary to investigate the effect of
van der Waals interactions in the stability of different
stacking orders [54].
F, O, and OH form strong bonds with MXenes with
large negative adsorption energies [51]. The differ-
ent adsorption energies of F, OH, and O on MXenes
can be explained by examining the effect of the oc-
tahedral crystal field, which is created by carbon and
the chemical groups, on the d orbitals of the transi-
tion metal. For example, a recent study on Ti3C2T2
(T= O, F, H, OH) has shown that owing to the gener-
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Figure 6: (a) Band structures of Mo2HfC2O2 without and with the
SOC [61]. (b) Edge states of nanoribbon of Mo2HfC2O2 with zigzag
edges [61]. Γ (0,0,0), M(1/2,0,0), K(1/3,1/3,0), X(1/2,1/2) are high-
symmetry points of the Brillouin zone of a hexagonal structure. Fermi
energy is located at zero energy.
ated crystal field, the 3d orbitals of surface Ti atoms
split to form pseudogaps, whose values predict stabil-
ity in order from highest to lowest of Ti3C2O2, Ti3C2F2,
Ti3C2(OH)2, Ti3C2H2, and Ti3C2 [55]. Moreover, the
effect of mixture of F, OH, and O functionalization on
the stability of Ti2COxFy(OH)z, Ti3C2OxFy(OH)z, and
Nb4C3OxFy(OH)z has also been examined [13]. As
shown in Fig. 5, the stability found from these analyses
follows the similar trend: the stability of these MXenes
is enhanced from OH, F, to O [13]. In other words, fully
O-terminated (OH-terminated) Ti2C, Ti3C2, Nb4C3 are
the most (least) energetically favorable MXenes.
Although the adsorption energies of F, O, and OH are
large negative values and the mechanical properties im-
prove after surface functionalization, the formation of
functionalized MXenes depends on the competitive bulk
phases. The calculation of the formation energies for
Mn+1XnO2 (n = 1, 2, and 3; X = C or N) shows that all
formation energies are positive values and V2CO2 has
the highest positive value (+0.285 eV/atom) among the
synthesized MXenes [56]. This can be considered as a
threshold for the formation of new MXenes. In other
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Figure 7: Left and right panels exhibit the projected band structures
of Ti2CO2 with hexagonal lattice and (W2/3Y1/3)2CO2 with rectan-
gular lattice. Γ (0,0,0), M(1/2,0,0), K(1/3,1/3,0), X(1/2,1/2) are high-
symmetry points of the Brillouin zone. Fermi energy is located at zero
energy.
words, only the MXenes with formation energies less
than that for V2CO2 have a chance for synthesis. An-
other important issue is the effect of the degradation of
MXenes over time and due to the temperature, which
might result in the transformation of MXenes into bulk
transition-metal carbides or oxides [45, 57]. As an ex-
ample, it has been experimentally observed that when
2D Ti3C2 is heated, it is transformed into TiO2 parti-
cles enmeshed in thin sheets of graphitic carbon struc-
tures [57]. Thermodynamic analyses show that the large
concentration of HF might convert Ti3C2 to TiF3 and
TiF4 [45].
4.2. Electronic structures
Electronically, MXenes can be either topologically
nontrivial or trivial. Few funcionalized MXenes have
been demonstrated to be topologically nontrivial semi-
conductors, e.g., M2CO2 (M = Mo, W), M′2M
′′CO2 (M′
= Mo, W; M′′ = Ti, Zr, Hf), Ti3N2F2, or semimet-
als, e.g., M′2M
′′
2 CO2 (M
′ = Mo, W; M′′ = Ti, Zr,
Hf) [58, 59, 60, 61, 62, 63]. In these MXenes, the
spin−orbit coupling (SOC) affects the electronic struc-
tures significantly. In more detail, without including the
SOC effect, the above MXenes are semimetals in which
the highest valence band and lowest conduction band
touch at the Γ point at the Fermi energy. These bands
are dominated with the d orbitals of the transition met-
als. Upon including the SOC effect, their degeneracy at
the Fermi energy is lifted, and a gap opens at the Γ point.
For example, the band structures of nontrivial semicon-
ducting Mo2HfC2O2 MXene are shown in Fig. 6. They
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are called 2D topological semimetals and insulators, re-
spectively, and their nanoribbon structures possess topo-
logically protected conducting edge states that cross the
Fermi energy. In other words, they display conducting
edge states in which electrons with opposite spins prop-
agate in opposite directions, and these edge states are ro-
bust against nonmagnetic impurities and disorder [64].
The nontrivial band topologies of these MXenes have
also been confirmed by further band structure analyses
and edge state calculations of their nanoribbon struc-
tures. The edge state of a zigzag nanoribbon structure of
Mo2HfC2O2 is shown in Fig. 6, displaying the valence
and conduction bands form a single Dirac cone point
at M point near the Fermi energy. It is noteworthy that
some MXenes such as Sc2C(OH)2 turn into topological
insulators with the application of an electric field and
charge transfer [65].
The majority of MXenes belong to the family of triv-
ial metals, semimetals, or semiconductors. In other
words, the SOC does not change their electronic struc-
tures significantly. Almost all pristine MXenes are
metallic. However, upon surface functionalization,
some of them become semiconducting, e.g., Sc2CT2
(T= F, OH, O), M2CO2 (M = Ti, Zr, Hf) [51], and
(M′2/3M
′′
1/3)2CO2 (M
′ = Mo, W; M′′ = Sc, Y) [66].
These MXenes become semiconducting owing to the
shift of the Fermi level and/or the change of the local
crystal field around the transition metals. For example,
the pristine M2X (X = C, N) systems are all metallic
with the Fermi energy located at the d bands of the tran-
sition metals. In most MXenes, the p bands of C/N are
below the d bands of the transition metals and these
bands are separated by a small band gap [51]. F, OH,
or O functionalization generates new bands below the
Fermi energy, hybridized with the M d orbitals. Sc2CT2
(T= F, OH, O) and M2CO2 (M = Ti, Zr, Hf) become
semiconducting because the Fermi energy is located at
the center of the gap between the M d bands and the X
p bands after functionalization [51]. The band structure
of Ti2CO2 is shown in Fig. 7.
In the case of (M′2/3M
′′
1/3)2C (M
′ = Mo, W; M′′ =
Sc, Y), the Fermi energy moves to lower energies upon
functionalization with oxygen. The origin of the band
gaps in (M′2/3M
′′
1/3)2CO2 is the splitting of d-orbital
bands [66] due to the crystal field around the transition
metals surrounded by C and O atoms [55]. Schematics
of d-band splittings by various types of crystal fields are
shown in Fig. 8. In more detail, the states near the Fermi
energy are t2g bands hybridized with C and O p orbitals,
which split widely, resulting in finite band gaps [66].
As an example, the band structure of (W2/3Y1/3)2CO2
is shown in Fig. 7.
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Figure 8: Schematic energy levels for d orbitals of a transition metal
(a) and those under octahedral (b), trigonal bipyramidal (c), and tetra-
hedral (d) coordination environments, which are usually found in two-
dimensional structures. A red (grey) sphere denotes a transition metal
(ligand).
It is noteworthy that a aNANt database containing
the structural and electronic information of approxi-
mately 15,000 MXenes has recently been released [67].
The chemical formula considered in this database is
MM′XTT′, where M/M′ is an early transition metal,
X is C or N, and T/T′ stands for 14 different termina-
tion groups such as F, OH, CN, and SCN [68]. The
electronic properties have been predicted with a com-
bination of DFT and machine learning. It has been
found that as the electronegativity difference between
the functional groups and the transition metal becomes
larger, there is a higher chance for semiconducting MX-
enes [68]. It should also be noted that semiconduct-
ing MXenes can be engineered using strain [69], elec-
tric field [70], or by being placed on the other 2D sys-
tems [71].
In brief, the chance for obtaining semiconducting
MXenes is higher for thin MXenes (n = 2; M2XT2
or (M′2/3M
′′
1/3)2XT2) than for thicker ones (n = 3 and
4). All M3X2T2 and M4X3T2 MXenes are metallic.
In the family of ordered double transition metals, some
of M′2M
′′C2 could become semiconducting because of
spin-orbit interaction or magnetic ordering as will be
discussed in the next section. Most of M′2M
′′
2 C3 are
metallic except for few of them that are semi-metal
because of spin-orbit interaction. Generally, metallic
or semiconducting behavior of multilayer MXenes is
mostly inherited from their monolayers.
4.3. Magnetic states
Almost all MAX phases that have been reported to
be magnetic are made of Cr and/or Mn, e.g., Cr2AlC,
Cr2GeC, Cr2GaC, Cr2AlN, C2GaN, Mn2AlC, Mn2GaC,
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Cr2TiAlC2, and (Cr2/3Sc1/3)2AlC with various mag-
netic orders [36, 40, 72]. Theoretically many pris-
tine and/or functionalized MXenes with F, O, or OH
have been predicted to be magnetic, e.g., M2X (M =
Ti, V, Cr, Mn; X = C, N), M2MnC2 (M = Ti, Hf),
M2TiX2 (M = V, Cr, Mn; X =C , N), Hf2VC2, and
Mo3N2F2 [73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83].
The magnetic moments at the transition metals in the
magnetic MXenes can mostly be determined from the
nominal oxidation states of the transition metals, C4−,
N3−, F−, OH−, and O2−, and also by examining the coor-
dination number of the transition metals and the number
of d electrons [76, 77]. Similar to dichalcogenides, the
nonbonding d orbitals in MXenes are formed near the
Fermi level located between the bonding and antibond-
ing states. Therefore, only the electrons that occupy the
nonbonding d orbitals can mainly contribute to the mag-
netism.
As explained above, in functionalized MXenes, each
transition metal is surrounded by C/N atoms and termi-
nation chemical groups, which form an octahedral cage
around the transition metal, see Fig. 8. The resulting
nearly octahedral crystal field splits the d orbital of the
transition metal into the t2g (dxy, dyz, and dxz) and eg
(dx2−y2 and dz2 ) orbitals. Because of the orbital shapes,
the eg-orbital manifold is energetically higher than the
t2g-orbital manifold. Therefore, electrons occupy first
the t2g orbitals before entering the eg orbitals. Various
magnetic behaviors of MXenes are expected because of
the different numbers of available electrons of the tran-
sition metals and the different electron configurations of
the d orbitals [76]. For example, a Cr atom has six va-
lence electrons. The nominal oxidation state of Cr is
+3 in Cr2CF2 because, in this structure, each Cr atom
donates two electrons to the neighboring C atom and
one electron to the neighboring F atoms. Therefore,
three electrons remain on each Cr atom that, according
to Hund’s rule, fill the t2g orbitals with the maximum
spin, generating a magnetic moment of 3µB. Depending
on how strongly the majority and minority spin bands
split, the magnetic MXenes become metallic, semicon-
ducting, or a half-metal [73, 74, 75, 76, 77, 78, 80]. For
example, Cr2CF2 is a semiconducting MXene [76].
Recent systematic calculations on M2N (M = Ti,
Cr, Mn) found that various magnetic orders (ferro,
anti-ferro, or ferri) with different magnetic interac-
tions (Ising, XY, or Heisenberg type) can be controlled
through the strength of spin-orbit coupling, using differ-
ent transition metals M, and the degree of localization of
electrons, changed via the surface termination with elec-
tronegative elements (e.g. F and O) or chemical groups
(e.g. OH) [80], as schematically shown in Fig 9(a).
Hf
C
F(b)
(c)
(a)
V
Figure 9: (a) Various spin states of M2N (M = Ti, Cr, Mn) according to
spin-orbit coupling and electron localization effect [80]. (b) Side view
of 2D Hf2VC2F2. (c) Top view of the ab lattice structure formed by V
atoms only in 2D Hf2VC2F2. Arrows indicate the spin patterns at V
atoms, displaying 120◦ noncollineanr anti-ferromagnetic order [83].
Among the magnetic MAX phases, only Cr2TiAlC2 has
been exfoliated into Cr2TiC2 [36]. Interestingly, all
members of Cr2TiC2T2 (T= H, F, O, OH) are semi-
conductors independently of the termination group [81].
It is noteworthy that the majority of magnetic MXenes
have anti-ferromagnetic ground states except for some
of the Mn-based ones, which are ferromagnetic [81].
Furthermore, the magnetic and electronic states of M2X
MXenes can be engineered by strain [73]. More re-
cently, as shown in Figs. 9(b) and 9(c), due to the spin-
orbit coupling, Hf2VC2F2 was predicted to exhibit in-
plane noncollinear 120◦ magnetic order [83].
4.4. Photonic properties
Various optical properties of materials such as the
transmittance, absorption, reflectivity, refractive index,
and energy loss can be predicted theoretically through
an investigation of the real and imaginary parts of the
complex dielectric constant, (ω) = 1(ω) + i 2(ω), as a
function of the photon wavelength or frequency ω. The
real part 1(ω) [imaginary part 2(ω)] of the optical di-
electric function is obtained using the Kramers−Kronig
transformation (via the sum of the interband transi-
tions from the occupied to unoccupied states allowed
by the electric-dipole interaction) [84]. For instance,
the photon absorption coefficient is evaluated as I(ω) =√
2ω[
√
1(ω)2 + 2(ω)2−1(ω)]1/2, indicating that larger
2(ω) results in better photon absorption.
As the electronic characteristics of MXenes change
upon surface termination, their optical properties are ac-
cordingly affected. For example, as shown in Fig. 10(a),
upon functionalization of Ti3C2 with F, OH, and O,
the real part 1(ω = 0) of the static dielectric constant
slightly decreases, but it does not change drastically.
At ω , 0, however, 1(ω) increases with functional-
ization [85]. As seen in Fig. 10(a), O-terminated Ti3C2
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Figure 10: (a) Real (1) and imaginary (2) parts of the dielec-
tric constant versus frequency ω for pristine and F-, OH-, and O-
functionalized Ti3C2 MXenes [85]. (b) In- and out-of-plane 2(ω)
(indicated by xy and zz, respectively) for O-functionalized Ti, Zr,
and Hf MXenes [87]. (c) 2(ω) for Sc2CO2 and Nb-doped Sc2CO2
without and with 3% uniaxial and 9% biaxial strain [88].
exhibits prominent peaks at frequencies below those of
visible light for 1(ω) as compared to the F- and OH-
functionalized MXenes. Further, because of the simi-
lar electronic structures of F- and OH-terminated Ti3C2,
2(ω) exhibits similar behavior at all energies [86]. It is
observed that in the visible light spectrum, the light ab-
sorption ability of O-terminated Ti3C2 is relatively bet-
ter, i.e., larger 2(ω), than that of pristine, F-terminated,
or OH-terminated MXenes. This is attributed to the for-
mation of O states close the Fermi energy.
Further calculations reveal that the dielectric func-
tion tensor of MXenes is anisotropic along the in-plane
and out-of-plane direction, analogs to their crystal struc-
ture. As shown in Fig. 10(b), the calculated 2(ω) for O-
functionalized M2C (M=Ti, Zr, Hf) with semiconduct-
ing properties [51] displays peaks in the visible light re-
gion. Among these MXenes, Ti2CO2 with two peaks
at energies around 1.5 and 3.0 eV possesses the highest
absorption efficiency [87], and thus can be considered
as a promising candidate for applications in optical de-
vices. However, Ti2CO2 does not absorb light below
1 and 2.3 eV in the in- and out-of-plane directions, re-
spectively, because of the different reflectivities of 12%
and 6%. Interestingly, the reflectivity is affected by the
layer thickness and is higher for Ti3C2T2 (T = F, OH,
O) as compared to Ti2CT2 [86].
Similar to O-functionalized M2C (M=Ti, Zr, Hf),
Sc2CO2 is also a semiconductor. As shown in
Fig. 10(c), 2(ω) of the Sc2CO2 has a small peak at 3.3
eV (the same value as its band gap), which results from
the electron transition from the C p orbitals to the Sc
d orbitals. By replacing one Sc atom with a Nb atom
(ScNbCO2), a new peak appears at 1.9 eV, which is due
to the reduction of the band gap as large as 1.89 eV [88].
Furthermore, the positions of the absorption peaks can
be tuned by applying stress [see Fig. 10(c)]. It is also
shown that Sc2CO2 exhibits in- and out-of-plane polar-
ization anisotropy, implying the application of the O-
functionalized Sc-based MXenes for newly developed
polarization-driven photovoltaics [89].
Recently, many photonic-based applications have
been developed for MXenes [25]. For example, some
MXenes such as V2CTx (T = F, OH, O) with having
absorption in the range of 500 to 2700 nm and high
conductivity have been utilized as conductive transport
electrodes [90]. Ti3C2Tx with almost full (84%) light-
to-water evaporation efficiency has the potential for
application in photothermal evaporation systems [91].
Some MXenes show nonlinear light absorption applica-
ble for optical switching devices [25].
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Figure 11: The effect of surface functionalization on the change of
work function and surface dipole moment [93].
4.5. Surface properties
The work function, defined as the difference between
the Fermi level and the vacuum potential, is one of
the useful surface characteristics of materials that are
also used for the purpose of device applications. The
work functions of pristine MXenes and MXenes func-
tionalized with F, OH, and O are estimated to be in the
ranges of 3.3−4.8, 3.1−5.8, 1.6−2.8, and 3.3−6.7 eV,
respectively [92]. OH-terminated MXenes can be con-
sidered as ultralow work function materials. The change
in the work function of MXenes after functionalization
with respect to pristine MXenes, ∆W, can be explained
in terms of the change in the surface dipole moments
(∆P) [92, 93]. It is found that ∆W and ∆P have a lin-
ear correlation [92, 93] (see Fig. 11). The change in
the surface dipole moments after surface functionaliza-
tion results from i) the charge transfer and redistribu-
tion between the surface and the chemical groups, ii)
the structural relaxation caused by the chemical groups,
and iii) the polarity of the group [92]. Considering
their work function properties, MXenes can be used to
construct Schottky-barrier-free contacts with other 2D
semiconductors, in which all OH-terminated (some O-
terminated) MXenes can act as electron (hole) injec-
tors [93]. It is noted that the above trends in the work
functions of functionalzied MXenes are independent of
their thickness (n = 1–3) [92]. Interestingly, the recent
studies on Ti3C2OxFy(OH)z with mixtures of surface
terminations have shown that the ultralow work func-
tion of fully OH terminated MXenes can be attained by
60% OH termination on the surface [12].
Like many other 2D systems, e.g., graphene, BN, and
MoS2, nearly free electron (NFE) states appear in MX-
Figure 12: Electron localization function (ELF) counterplots of
Ti3C2O2H2(1−m)Pbm for 1/9 monolayer Pb impurity [95]. (A) and
(B) display ELF for pristine Ti3C2(OH)2 on (110) and (−110) planes,
respectively. (C) and (D) show ELF for Ti3C2O2H2(1−m)Pbm on (110)
and (−110) planes, respectively.
enes in the spatial region above the surfaces toward the
vacuum [94]. These states have parabolic bands with
respect to the wave vector and generally appear at high
energies above the Fermi energy and generally are not
accessible except by applying electric field. Energeti-
cally, the NFE states in O- and F-terminated MXenes
also appear at high energies above the Fermi energy.
However, in the case of the OH termination, the NFE
states appear near the Fermi energy, and for some of the
OH-terminated MXenes, they are partially occupied by
electrons. Because of the positively charged nature of
the H atoms in OH-terminated MXenes, their surface
potentials are shallow with an extended tail at energies
near the Fermi energy, but they are very deep in O- or F-
terminated MXenes [94]. Hence, the NFE states in OH-
terminated (F- or O-terminated) MXenes can be found
at energies near (above) the Fermi energy.
The NFE states are formed spatially above the sur-
face and do not have any weight when they are projected
onto the atomic orbitals of the compositional elements.
However, the existence of partially occupied NFE states
can be observed by visualizing the electron localiza-
tion function (ELF). Figure 12 shows that a uniform
electron gas exists on top of the hydrogen atoms (ELF
= 0.4) above Ti3C2(OH)2. This implies that the OH-
terminated MXenes with partially occupied NFE states
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Figure 13: The calculated energy barrier using nudged elastic band
(NEB) method for switching polarization of ferroelectric Sc2CO2
from +Pz to −Pz [89]. The z-axis is normal to the surface. The fer-
roelectric (F) states of Sc2CO2 are switched through an intermediate
antiferroelectric (AF) state, in which the polarization is almost zero.
The arrows indicate the direction of the polarizations.
can be highly sensitive to adsorbents. Therefore, they
can be used for selective gas sensors [94] and heavy-
element purification applications [95]. For example, as
shown in Fig. 12, upon Pb atom adsorption, the NFE
states of Ti3C2(OH)2 disappear [95]. It is interesting to
note that the location of NFE states relative to the Fermi
energy can be tuned by either surface charges [96] or
applied electric filed [97]. NFE states can contribute
to electron transport [94] and surface catalytic proper-
ties. NFE states can be observed by X-ray photoelec-
tron spectroscopy measurements [96]. The location of
NFE states in energy is almost independent of the thick-
ness of MXenes (n = 1–3). The NFE states on OH-
terminated MXenes disappear when the OH-terminated
MXenes are sandwich between other 2D systems such
as graphene and multilayer MXenes because the surface
potential changes.
5. Applications of MXenes
5.1. Ferroelectricity
Noncentrosymmetric 2D semiconductors can exhibit
ferroelectricity and/or piezoelectricity owing to their
polar structures. A ferroelectric material is a polar sys-
tem whose polarity can be reversed by applying an elec-
tric field. Among MXene family members, Sc2CO2 has
uniquely in- and out-of-plane polarizations. This is due
to the asymmetric occupation of O atoms on the surfaces
of Sc2C; on one side of the surfaces, they are adsorbed
at the hollow site at which no C atoms available under
them and on the other side of the surfaces, the O atoms
Table 1: Calculated relaxed-ion piezoelectric stress (e11 in 10−10
Cm−1) and strain (d11 in pVm−1) coefficients for Sc2CO2 and
(M′2/3M
′′
1/3)2CO2 (M
′ = Mo, W; M′′ = Sc, Y) iMXenes [66].
MXene e11 d11
Sc2CO2 3.333 4.137
(Mo2/3Sc1/3)2CO2 44.55 29.24
(Mo2/3Y1/3)2CO2 40.33 35.91
(W2/3Sc1/3)2CO2 38.82 21.67
(W2/3Y1/3)2CO2 35.53 24.98
are adsorbed at hollow sites at which C atoms are avail-
able under them. Sc2CO2 possesses an out-of-plane po-
larization of 1.60 µC/cm2 with respect to its nonpolar
phase [89]. The height of the energy barrier for switch-
ing from the ferroelectric phase to the anti-ferroelectric
phase is 0.53 eV per formula unit, as shown in Fig. 13,
which is sufficiently high for room-temperature device
applications [89]. Interestingly, although Sc2CO2 is a
semiconductor with a band gap of 1.91 eV, bilayer is of
this material is a semimetal, where 2D electron and hole
gases exist on the opposite sides of the surfaces [89].
More recently, it has also been reported theoretically
that multiferroelectricity can be achieved in ordered-
double transition metal MXenes, e.g., in Hf2VC2F2,
where the helical spin states [see Figs. 9(b) and 9(c)]
generate an electrical polarization on the surface [83].
5.2. Piezoelectricity
Piezoelectrics are a family of semiconducting ma-
terials with an in-plane noncentrosymmetry for which
an electrical field can be generated by a mechanical
strain because of the shifts of the centers of positive
and negative charges. The stress and strain piezoelec-
tric properties of materials under uniaxial strain can
be measured by e11 and d11, respectively. In the MX-
ene family, Sc2CO2 and (M′2/3M
′′
1/3)2CO2 (M
′ = Mo,
W; M′′ = Sc, Y) are semiconductors without in-plane
centrosymmetry [66]. The piezoelectric coefficients of
these materials are summarized in Table 1 [66]. It is
found that d11 for Sc2CO2 is in the same range of those
for well-known transition metal dichalcogenides (MoS2
and MoSe2, 3.65 and 4.55 pVm−1, respectively) [98].
However, d11 for (M′2/3M
′′
1/3)2CO2 (M
′ = Mo, W; M′′ =
Sc, Y) is notably larger than those of many piezoelectric
2D materials such as BN, GaAs, GaSe, CaS, and AlSb
(in the range of 0.5−3.0 pmV−1 [99, 100]) and bulk ma-
terials including α-quartz, wurtzite GaN, and wurtzite
AlN (2.3, 3.1, and 5.1 pmV−1, respectively [101, 102]),
which are generally used in industry. This emphasizes
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Figure 14: Top panel: Volcano plot for the hydrogen evolution re-
action (HER). Red and blue circles show carbide and nitride MX-
enes, respectively, whereas the experimentally known MXenes are in-
dicated by stars [119]. Bottom panel: Magnified version of the vol-
cano plot.
that some semiconducting MXenes may find applica-
tions as piezoelectrics.
5.3. Thermoelectricity
Thermoelectrics are a family of materials that can
generate electricity by applying temperature gradient
and vice-versa. The thermoelectric efficiency is quan-
tified through the dimensionless figure of merit ZT, ex-
pressed as S 2σT/K, where S , σ, T , and K (= kl + ke)
are the Seebeck coefficient, electrical conductivity, tem-
perature, and thermal conductivity with both lattice (kl)
and electronic (ke) contributions, respectively. The ther-
moelectric properties of various pristine and functional-
ized MXenes have already been examined theoretically,
using a combination of Boltzmann theory and first-
principles calculations [53]. Although metallic MX-
enes possess very good electrical conductivities, their
Seebeck coefficients are almost negligible, resulting in
a poor power factor (S 2σ). In contrast, semiconduct-
ing MXenes possess very high Seebeck coefficients and
relatively good electrical conductivity, resulting in a
high power factor. Therefore, the semiconducting MX-
enes such as Sc2CT2 (T = F, OH, O) and M2CO2 (M
= Ti, Zr, Hf) can be considered as promising candi-
dates for thermoelectric applications [53]. Further anal-
yses indicate that the thermal conductivities of MX-
enes are in the range of 10−60 Wm−1K−1, which is in
the same range of those for transition metal dichalco-
genides [103, 104, 105]. The values of ZT of M2CO2
(M = Ti, Zr, Hf) and Sc2CT2 (T = F, OH, O) have been
investigated for temperatures of 300−900 K: The max-
imum value of ZT for semiconducting MXenes is ex-
pected to be less than 1.1 [103, 104, 105].
5.4. Superconductivity
Among members of the MAX phase family, Mo2GaC
is a superconductor with a critical temperature (Tc)
of 4 K [106]. 2D Mo2C MXene has been exfoli-
ated experimentally from a non-MAX-phase structure,
Mo2Ga2C [107], and has already been fabricated with
various thicknesses through chemical vapor deposi-
tion [108, 109]. Other alternatives have been suggested
to obtain 2D Mo2C in the literature [110]. It has also
been observed experimentally that 2D Mo2C is a su-
perconductor with Tc < 4 K [108]. Theoretically, us-
ing Bardeen-Cooper-Schrieffer (BCS) theory [111] and
DFT electron-phonon interaction calculations, the criti-
cal temperature Tc has been predicted for pristine Mo2C
and Mo2C functionalized with H, OH, O, S, Se, and
Br [112, 113]. The estimated Tc is in the range from 0 to
13 K and the highest Tc is around 13 K for Mo2C func-
tionalized with H and Br because of their high electron-
phonon coupling. The investigation of Fermi surface
topology of MAX phases and MXenes with nesting
characteristics might be a good strategy to find new su-
perconductors in this family of materials [114].
5.5. Catalysis
MXenes with a large surface area, high surface hy-
drophilicity, and surface activities have attracted appli-
cations as catalysts and/or catalyst support. As one of
the widely studied cases, MXenes have been consid-
ered for water electrolysis applications in which H2 and
O2 molecules are formed through a hydrogen evolution
reaction (HER) at the cathode and an oxygen evolu-
tion reaction (OER) at the anode. Although platinum
is one the most efficient catalysts for water splitting, it
has drawbacks due to its high cost and low availabil-
ity. MXenes are superior to other 2D catalysts such as
MoS2 and CN because of their higher charge transfer
abilities. It has been shown that O-terminated MXenes
such as Ti2CO2 and W2CO2 possess Gibbs free energies
close to 0 eV for hydrogen adsorption [115, 116], suit-
able for HER. Experimental evidence of the HER activ-
ity of Ti- and Mo-based MXenes suggests that Mo2CTx
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Figure 15: (a) Aligned band edges of MXenes relative to the water
redox potentials. (b) 2(ω) for O-terminated Zr and Hf MXenes [123].
and Ti3C2Tx exhibit a good HER activity for generat-
ing hydrogen from water and ammonia borane, respec-
tively [117, 118]. A detailed theoretical investigation,
e.g., shown in Fig. 14, indicates that among all MX-
enes, Mo2CTx possesses the most promising surface ac-
tivity for the HER [119]. The catalytic properties of
MXenes can be improved by the introduction of metal
atoms such as Fe. This is because less electronegative
elements such as Fe can transfer more charge to the
O atom of water; hence, the O−H bonds of water are
weakened, leading to a better HER activity. Further-
more, the hybrid structure of Ti3C2/g-C3N4 improves
the performance for the OER as compared to the case of
the pristine MXene because the charge transfer between
Ti atoms and graphitic carbon nitride facilitates the elec-
tron transfer for O2 evolution [120, 121]. Another study
has shown that Mo2CO2 surfaces can be suitable sub-
strates for Pd atom anchoring to produce O2 from CO
molecules [122].
5.6. Photocatalysis
Some MXenes are semiconducting with light absorp-
tion in the visible light region and good catalytic prop-
erties. Hence, they have potential applications for var-
ious photocatalytic reactions. The production of hy-
drogen by water splitting on semiconductor substrates
via sunlight is an example of such photocatalytic reac-
tions. This process involves electron-hole pair genera-
tion by absorbing solar light in the photocatalytic mate-
rial. Material with photocatalytic properties possesses a
band gap larger than 1.23 eV for the absorption visible
light and has redox potentials located between the va-
lence and conduction band edges [123]. Owing to semi-
conducting characteristics, Ti2CO2, Zr2CO2, Hf2CO2,
Sc2CO2, and Sc2CF2 can be candidates for photocat-
alytic applications. As shown in Fig. 15(a), Ti2CO2,
Sc2CO2, and Sc2CF2 are not suitable for water splitting
because the water redox potentials are beyond the band
edges. Considering the optical properties of the remain-
ing candidates, Zr2CO2 and Hf2CO2, their absorption
peaks are located in the visible light energy window [see
Fig. 15(a)]. Therefore, they can be used for the HER via
a photocatalytic reaction with water [123].
Further studies indicate that heterostructures of
metallic MXenes (e.g., Ti3C2) with other semiconduc-
tors (e.g., TiO2) can be used for various photocatalytic
reactions. For example, the photocatalytic activity of
Ti3C2Tx sharply increases with TiO2; an improvement
of 400% is observed for the HER [124]. In another re-
port, TiO2 nanoplates grown on Ti3C2 shows improved
photocatalytic performance, 2.8 times higher than that
of pure TiO2 for CO2 reduction. This increase in the
production can be attributed to the position of the TiO2
conduction band edges, which is more negative than the
Fermi energy of the MXene; hence, electrons are trans-
ferred to Ti3C2 with a smaller energy barrier. There-
fore, an electron−hole pair can be easily separated with-
out recombination [125]. A recent experiment on a Ti-
based MXene has successfully prepared CdS/Ti3C2 het-
erostructure and observed an improvement in the pho-
tocatalytic activity. The photocatalytic activity of CdS
is low (105 µmol h−1 g−1), which varies linearly with
the amount of Ti3C2, reaching to a very high activity of
14322 µmol h−1 g−1 for the HER. This improvement can
again be correlated with the electron transfer from CdS
to the MXene, which pushes the conduction band edge
to align with the standard hydrogen electrode (SHE).
The versatility of Ti-MXene was verified by fabricating
ZnS and Zn doped CdS with Ti3C2 nanoparticles [126].
5.7. Ion batteries
Owing to their excellent electrical conductivity, large
surface areas, and environmentally friendly behavior,
MXenes have much-attracted attention for applications
in energy storage such as capacitors and alkali and metal
batteries [54, 127, 128]. It was found that Ti3C2 mono-
layers can have a capacity (Li-ion) of 320 mAh g−1.
Surface functionalization with OH and F groups re-
sulted in the decrease in the specific capacity to 130
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Figure 16: Electron localization function isosurfaces (0.5) of Ti2C
and Ti2N monolayers. NEC stands for the negative electron cloud.
The dark green, light green, and black spheres indicate Ti, N, and C
atoms, respectively [139].
and 67 mAh g−1, respectively, considering the increase
in the atomic weight. The calculated diffusion barrier
along the minimum energy pathway for a Li atom on a
bare Ti3C2 sheet is 0.005 eV. The introduction of OH
and F groups leads to the increase in the diffusion bar-
rier to 0.36 and 1.02 eV, respectively [129]. It has also
been observed that the formation of additional Li layers
on lithiated O-terminated Ti3C2 accounts for the higher
gravimetric capacity observed in a delaminated Ti3C2
colloidal solution intercalated with dimethyl sulphox-
ide [130]. It has also been predicted that the coverage
of alkali ions on Ti3C2 and the adsorption energy are re-
lated to their effective ionic radii. The increase in the
effective ionic radius of an alkali increases the interac-
tion energy while it decreases the coverage [131].
The calculations for Ti2C, its functionalized mono-
layers, and its defective layers indicate that the presence
of vacancies affects the diffusion behavior and changes
the barrier of lithium atoms [132]. A systematic anal-
ysis of various 2D MXenes finds that Ti2C has a low
diffusion barrier for Li in both the pristine and defective
state. Li-atom diffusion has a relatively higher energy
barrier on a Ti2CX2 (X = O, OH)/graphene heterostruc-
ture as compared to the Ti2CX2 monolayer and is lower
than graphite by 0.5 eV [133]. On the other hand, the
open-circuit voltage of Ti2CO2/graphene is enhanced to
1.49 V, while sulfur-terminated Ti2C shows a relatively
low energy barrier for Li atoms and has the highest affin-
ity for polysulfides [134]. Moreover, the lithium-sulfur
storage capacity of Ti-based MXene was explored re-
cently, and it was found that OH groups can entrap the
Li2Sn chains formed on top of them MXene [135].
The success achieved in the case of Li-ion batteries
has stimulated research on utilizing MXenes for other
alkali and alkali-earth metal ion batteries. Accordingly,
the adsorption of metal ions such as monovalent (Na
and K) and multivalent (Mg, Ca, and Al) ions on lay-
ered Ti2CX2 (X = O, F, OH) has been studied [136].
A bare MXene has higher capacities and greater mo-
Figure 17: Calculated I−V curve before and after the adsorption of
NH3 on Ti2CO2, MoS2, and phosphorene [150].
bilities for metal ions. Na and K ions were found to
intercalate more efficiently as compared to other metal
ions. Furthermore, O-terminated MXenes decompose
into bare MXenes during Mg, Ca, and Al ions interca-
lation. Monovalent metal ions Na and K have a low dif-
fusion barrier on the Ti2CO2 monolayer as compared to
the multivalent metal ions Mg, Ca, and Al. With a low
diffusion barrier for Na on Ti3C2 and its functionalized
MXenes, a further increase in the interlayer separation
lowers the redox potential. Furthermore, the volume
change was observed during sodation and desodation on
pristine and F- and O-functionalized Ti-based MXenes,
which are favorable for the cycling performance [137].
With the aim of increasing the electron density, which
eventually decreases the diffusion barriers of electron-
rich species, nitrogen-containing MXenes have been
studied. Li adsorption and diffusion on trimetallic
Ti3CN and its F-, O-, and OH-functionalized MXenes
were studied [138]. Li atoms preferentially adsorb on
the nitrogen side in Ti3CN. In the functionalized mate-
rials, Li atoms tend to be adsorbed on the carbon side.
The diffusion barriers are in the range of 0.2−0.3 eV
for functionalized Ti3CN. The potential use of Ti2N and
its functionalized derivatives for use as anode materi-
als was recently tested [139]. The adsorption ener-
gies of cations including Li, Na, K, Mg, Ca, and Al
and the open-circuit voltage suggest that Ti2N mono-
layers are a promising candidate for the anode mate-
rial in rechargeable batteries. An electron localization
function analysis of carbide and nitride MXenes sug-
gests that the N atom in Ti2N needs one less electron
from Ti to form an ionic bond, thereby creating a non-
bonding electron cloud on the Ti2N surface. The pres-
ence of negative electron cloud results in a low diffu-
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Figure 18: Snapshots of molecular dynamics for hydrogen adsorption
on Ti2C at 300 and 400 K after 1.5 ps viewed from top and side of
Ti2C. Physisorbed and adsorbed H2 by Kubas interactions are indi-
cated by the cyan and red spheres, respectively [153].
sion barrier for the cations (see Fig. 16). Owing to
their rich electronic nature, many attempts have been
carried out to use other transition metal MXenes for
battery applications, e.g., Vn+1Cn, Nb2C, Cr2CO2, and
Mo2C [140, 141, 142, 143, 144, 145, 146, 147].
5.8. Gas sensors
Recently, layered materials such as metal oxides and
graphene have been extensively studied as gas sen-
sors. MXenes have also been shown to be potential
gas sensors due to the direct charge transfer mech-
anism [94]. Recent experiments have observed that
T3C2 exhibits affinity towards CO2 capture selectivity
over N2 [148]. Furthermore, T3C2 sensors can suc-
cessfully detect gasses such as ethanol, methanol, ace-
tone, and ammonia at room temperature [149]. First-
principles calculations have found that gas molecules
such as H2, CO2, O2, N2, NO2, CH4, and CO are sub-
ject to physisorption on Ti2C, while NH3 undergoes
chemisorption [150]. The adsorption of NH3 molecules
increases the electrical conductivity (see Fig. 17), lead-
ing to the high sensitivity of Ti2CO2 to NH3 as com-
pared to MoS2 and phosphorene. Moreover, it has been
shown theoretically that the oxygen functionalized MX-
enes exhibit ehancement of the selectivity [151]. For
example, Mo2CO2 and V2CO2 have selectivity towards
NO; and Nb2CO2 and Ti2CO2 shows selectivity toward
NH3 [151]. Very recently, it has been predicted that a
Sc2CO2 monolayer is a putative candidate for SO2 gas
sensing [152]. Among the MXenes studied, SO2 has
a high adsorption strength and higher charge transfer
towards Sc2CO2. By applying tensile strains or exter-
nal electric fields, the adsorption strength of SO2 can be
controlled, and even the reversible release of captured
SO2 can be achieved [152].
5.9. Hydrogen storage
MXenes have also been investigated for possible hy-
drogen storage. For example, it was predicted that hy-
drogen molecules on the surfaces of Ti2C are adsorbed
in molecular form and then dissociated to form hy-
drides, while hydrogen molecules in the second and
third layers from the surfaces are adsorbed in molecu-
lar form [153]. The hydrides constitute 1.7 wt%, and
molecular hydrogen has a reversible capacity of 3.4
wt%. Molecular dynamics studies show that the hydro-
gen that exists with a Kubas-type interaction departs,
leaving the hydrides intact on the surface (see Fig. 18).
This clearly justifies the reversible uptake of hydro-
gen on the Ti2C layer. A similar conclusion has been
reached for Sc2C and V2C [153, 154]. A recent study
has shown that the hydrogen storage capacity of Cr2C
can reach 7.6 wt%, where 1.2 wt% is due to chemisorp-
tion, 3.2 wt% is due to the Kubas interaction, and 3.2
wt% exists in molecular form with a weak electrostatic
interaction for hydrogen storage [155]. Hence, a re-
versible hydrogen storage capacity of 6.4 wt% can be
achieved with a binding energy 0.1−0.44 eV/H2 on the
Cr2C surface [155].
6. Conclusions and outlook
MXenes with rich physics and chemistry, as well as
deep structural and compositional diversities, offer a fer-
tile ground for performing fundamental and multidisci-
plinary research. Nevertheless, until now the synthe-
sis of MXenes with a uniform and pure surface termi-
nation is an experimental challenge, and it is an ob-
stacle in realizing the full potential of proposed many
electronic-based phenomena and applications. There-
fore, it is valuable to investigate the mixed functional-
ization of MXene to explore its applications that are not
significantly affected by surface termination. The mixed
functionalization can also lead to the formation of vari-
ous interfaces, such as sharp and diffusive interfaces, at
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the surface of MXenes. Experimental attempts should
be made to isolate the pristine MXenes for their full
characterization and subsequently controlled function-
alization as well.
Different types of magnetic orders with the large SOC
in MXenes promise novel quantum anomalous Hall sys-
tems. The response to the external electric field, me-
chanical strain, and photo-irradiation are the key to tai-
loring the novel phenomena and applications of MXene-
based devices. Exploring the effect of the gate voltage
on controlling the magnetic orders in MXenes is an ex-
citing area of science. Moreover, very little has been ex-
plored about the superconductivity in MXenes. In this
regard, the theoretical investigation of the Fermi surface
nesting and electron-phonon couplings in various MAX
phases and MXenes are crucial.
Most probably, vertical and lateral heterostructures
of MXene with other 2D materials will be synthesized
in the near future. The effect of van der Waals inter-
actions on stability and electronic properties of multi-
layered MXenes should be investigated. The interfacial
physics of such junctions will be of fundamental inter-
est for device applications. Furthermore, the effect of
electric field on monolayers have already been investi-
gated. This should be extended to few layers, multi-
layers, and heterostructures of MXenes to examine the
electron or hole accumulation on the surface and inter-
face and their influence on electronic properties. The ef-
fect of electron/hole injection on chemical bonding and
elastic properties of MXene should be investigated for
making artificial muscles and various actuator applica-
tions. The electron-hole coupling of the heterostructure
of MXenes should be examined for solar cell applica-
tions. The electronic properties of MXenes in the pres-
ence of the magnetic field and the absorption/reflection
of the magnetic field are vital for understanding shield-
ing effect.
The development of classical potentials or phase field
parameters for performing large-scale molecular dy-
namics simulation is necessary to study the biologi-
cal and composite applications of MXenes, to simulate
the chemical exfoliation of MAX phases using different
etchant solutions, to understand the mechanism of hy-
dration of different charged alkali metals between MX-
ene layers and its effects on interlayer distances, and to
study the hydrophilicity of MXene surfaces. The effects
of using a mixture of A elements in synthesis and exfoli-
ation of MAX phases should be addressed computation-
ally. It is also interesting to investigate the mechanical
exfoliation of MAX phases both theoretically and ex-
perimentally in detail and compare the resulting struc-
tures with those obtained from chemical exfoliations.
It is highly desirable to study the thermal conductiv-
ity of MXenes and screen out the promising thermoelec-
tric candidates. The estimation of relaxation time is es-
sential to evaluate the electrical conductivity and figure
of merits of MXenes and MAX phases. The effect of
compression on thermoelectric properties of MXenes is
of fundamental interest. The investigation of electron
transport and optical conductivity of MXenes is essen-
tial for electronic device applications. It is also worth
determining which of MXenes can be good candidates
for cathode or anode electrode applications. Developing
new in- and out-of-plane ordered double transition met-
als MXenes is also important for assessing various mag-
netic orderes. The physics behind the excellent piezo-
electricity of the in-plane ordered double transition met-
als should also be investigated. The possible Rashba
effect in janus MXenes needs to be examined in more
details.
The effects of M and/or X vacancies in MXenes [156]
should be explored on various applications such as ion
batteries and electrode structural flexibility. The poten-
tial applications of vacancy-ordered in-plane MXenes
for gas storage should also be studied. Detailed and
systematic analyses are required on nanoribbons [157],
nanoscrolls, clusters, or quantum dots [158] of MXenes.
Finally, it is of great interest to synthesize the multifunc-
tional group III based MXenes (e.g., Sc2CO2), which,
due to their surface polarization, might be good candi-
dates for polarization-driven catalysis [159].
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